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ABSTRACT

A male patient with abnormal postpubertal bone elongation was shown earlier to have a mutation in both alleles
of the estrogen receptor, resulting in a nonfunctional gene. Marrow stromal fibroblasts (MSFs) derived from this
patient were called HERKOs (human estrogen receptor knock outs), and in order to obtain continuous HERKO
cell lines, they were immortalized using a recombinant adenovirus-origin-minus SV40 virus. MSFs are unique cells
because they support hematopoesis and contain a mixed population of precursor cells for bone, cartilage, and fat.
Three established cell lines (HERKO2, HERKO4, and HERKO7) were characterized and compared with the
heterogeneous population of nonimmortalized HERKOs for their osteogenic potential. We performed Northern
analysis of matrix genes implicated in bone development and metabolism and an in vivo bone formation assay by
transplanting the cells subcutaneously into immunodeficient mice. All three HERKO lines expressed high
amounts of collagen 1A1, osteopontin, osteonectin, fibronectin, decorin, biglycan, and alkaline phosphatase.
Except for osteopontin, expression of these genes was slightly lower compared with nonimmortalized HERKOs. In
the in vivo bone formation assay, the heterogeneous population of nonimmortalized HERKOs formed bone with
high efficiency, while the HERKO lines induced a high-density, bone-like matrix. Finally, all HERKO cell types
secreted high levels of insulin-like growth factor I and interleukin-6 into the culture medium relative to cells of
normal human subjects. In summary, these lines of HERKO cells retain several of the phenotypic traits of MSFs
after immortalization, including matrix and cytokine production, and provide a valuable source of a unique
human material for future studies involving estrogen action in bone and bone marrow metabolism. (J Bone Miner
Res 1998;13:598–608)

INTRODUCTION

ESTROGEN IS WELL KNOWN IN FEMALES to be important for
bone development, growth, and metabolism. The in-

crease in estrogen observed during puberty in girls induces

epiphyseal fusion and bone mineral accretion.(1,2) Thirty to
40% of bone mineral mass is accrued during the pubertal
years and appears to be a critical determinant of subsequent
risk for osteoporosis.(3) Similarly, decrease in estrogen in
postmenopausal women is associated with loss of bone
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mineral mass and estrogen replacement therapy inhibits the
rate of bone mineral loss.(1,4)

Though in general terms the role of estrogen seems clear
in females, less clear is the physiological role in men. Inter-
pretation of estrogen action in vivo in males is complicated
by the presence of androgen that is variably subject to
aromatization into estrogen.(5) However, relative mainte-
nance of bone mineral mass in patients with androgen
insensitivity either with gonads present or treated with es-
trogen after gonadectomy suggests an important role for
estrogen.(6) Consistent with these observations, adult males
have been described with P450 aromatase deficiency.(7)

These individuals present low bone density, delayed bone
maturation, and tall stature. In one recently described case,
estrogen therapy improved bone mineral mass and induced
growth plate fusion.(8) Finally, identification of an adult
male patient with a loss of function mutation in the estrogen
receptor (ER)-a gene further emphasizes the importance of
the estrogen signal transduction pathway.(9) This man pre-
sented a markedly low bone mineral density (BMD) and
epiphyseal maturation delay (bone age, 15 years) and tall
stature. Serum androgen levels were normal but estrogen
concentrations were significantly elevated. Density of the
lumbar spine was 0.745 gm/cm2 (3.1 SD below the mean for
a 15-year-old boy). Bone biopsy of the left iliac crest re-
vealed a thin cortex and tapered but intact trabeculae.(10)

Six months of transdermal estradiol therapy failed to either
mature the epiphyses or improve BMD. DNA sequence
analysis of the ER-a gene showed a mutation of a single
base pair (bp) in the second exon in both alleles, generating
a premature stop codon, theoretically resulting in a highly
truncated protein lacking the DNA and hormone binding
domains of the ER-a.

These observations all imply that estrogen may have
similar functions in skeletal tissue of both males and fe-
males. Yet men with osteoporosis and females with andro-
gen resistance have different phenotypic pictures compared
with pure hypogonadism, e.g., cortical thickness is more
preserved, suggesting that there are targets for androgen
that are unique and distinct from estrogen.(11) Further-
more, the recent discovery of a second member of the ER
family, ER-b, raises questions as to the relative role of these
two receptors in mediating the actions of estrogen on
bone.(12)

Absence of ER-a and its ligand, estradiol, have long been
thought to be lethal, but the discovery of the ER-a–defi-
cient patient and the creation of a mouse null for the ER-a
(ERKO)(13) suggest the contrary. The ERKO mouse pro-
vides a useful model in evaluating and understanding estro-
gen’s role in bone metabolism particularly since ERKO
male mice show a lower BMD consistent with the clinical
findings of the ER-a mutant patient.(9) However, there are
some important differences between the mouse and the
human model. ERKO mice have shorter legs, an unaltered
serum alkaline phosphatase (ALP) content, and higher se-
rum androgen levels compared with their wild-type litter-
mates,(14,15) whereas the male patient has a tall stature,
elevated ALP serum levels, and unaltered androgen levels.
The difference between mice and men may be caused by
species differences. For example, mice never establish clo-

sure of growth plates. Therefore, estrogen may affect skel-
etal development by acting via different pathways in mice
and men. Development of immortalized cells containing the
human knock out model system for ER-a may allow further
elucidation of the relative roles of estrogen and androgen
and the contribution of ER-a and -b in humans.

Toward this goal, we established cell lines of marrow
stromal fibroblasts (MSFs) derived from the ER-a–defi-
cient patient and characterized their properties. The MSFs
were called human estrogen receptor knock outs (HER-
KOs) and were immortalized by infection with a genetically
engineered virus that contained origin-minus SV40.(16)

MSFs are a unique population of cells because they support
hematopoesis and contain a mixed population of precursor
cells that have the capacity to differentiate into numerous
mesenchymal cell types including bone, cartilage, and fat,
even after extensive proliferation in vitro.(17,18) Thus, by
developing HERKOs into a continuous cellular model, the
role of estrogen during growth and differentiation may be
explored in a broad array of cell lineages. We established
eight cell lines, and three of them (HERKO2, HERKO4,
and HERKO7) were characterized and compared with
HERKOs, the nonimmortalized source material. To drive
the cells into the osteoblastic lineage, they were continu-
ously treated with the glucocorticoid dexamethasone, which
has previously been implicated to establish an osteoblastic
differentiation status.(19) We examined the osteogenic po-
tential of the cells by Northern analysis of matrix genes
implicated in bone development and metabolism. All three
HERKO lines expressed high amounts of collagen 1A1
(COL1A1), osteopontin, osteonectin, fibronectin, decorin,
biglycan, and ALP. Except for osteopontin, expression of
these genes was slightly lower compared with nonimmor-
talized HERKOs. In addition, we studied the bone-forming
capacity of the cells in an in vivo transplantation assay(20) in
which cultured human MSFs and HERKO cells were trans-
planted subcutaneously into immunodeficient mice, fol-
lowed by examination on the presence of bone particles
after several weeks. The heterogeneous population of non-
immortalized HERKOs formed bone with high efficiency,
while the HERKO lines induced a high density, bone-like
matrix. Finally, we determined secretion of IGF-I and IL-6
in the culture medium. All HERKO cell types secreted high
levels of these factors into the culture medium relative to
cells of normal human subjects.

MATERIALS AND METHODS

Cell culture and development of cell lines

Cancellous bone with bone marrow was obtained from
the distal femur of the ER-a–deficient patient at age 29.
The osteotomy was performed as a part of a leg-straight-
ening procedure to correct severe genu valgum. Informed
consent was obtained, and the use of the surgical waste
material was approved by the Institutional Review Board.
Nonimmortalized HERKOs and HERKO cell lines (i.e.,
HERKO-2, HERKO-4, and HERKO-7) were derived from
an osteotomy sample as follows. Fragments of cancellous
bone with bone marrow were scraped with a steel blade into
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ice-cold alpha modified essential medium (a-MEM). After
vigorously pipetting, the cell suspension was passed several
times through 16 and 20 gauge needles and filtered through
a 70 mm cell strainer (Becton Dickinson, Franklin Lakes,
NJ, U.S.A.). Cells were plated into 75 cm2 flasks at 9 3 106

nucleated cells per flask and cultured in culture medium
(a-MEM with 100 U/ml penicillin, 100 mg/ml streptomycin,
2 mM L-glutamine, 10–8 M dexamethasone, and 10–4 M
ascorbic acid) with 20% fetal bovine serum. After 1 week,
medium was replaced to remove nonadherent cells. The
adherent cells (HERKOs), consisting of a mixed population
of marrow stromal fibroblasts, were harvested and re-
seeded. For immortalization, the HERKOs (passage 2)
were seeded at 1.3 3 106 cells in 25 cm2 flasks with culture
medium with 10% fetal bovine serum. HERKOs were in-
fected with an adenovirus-origin-minus wild type (wt)
SV40 at a multiplicity of infection (MOI) of 50,(5) and
after 1 week the cells were trypsinized and serially diluted.
Medium was changed three times a week. Within 2 weeks,
a dense cell layer was established, and after 1.5 months,
distinct colonies of cells became apparent that grew on top
of the cell layer. Different colonies from the same source
material were developed into separate cell lines by isolating
them with brief treatment of trypsin, followed by transfer
with 200 ml pipette tips into 6-well plates. For RNA extrac-
tion, cells were cultured for 5–25 days in 60- or 100-mm
culture dishes.

To study differential morphology of the heterogeneous
source material, nonimmortalized HERKOs were plated at
low density in 150 mm tissue culture dishes at 1 3 105 cells
per dish to form single-colony derived strains.

Analysis of ER-a mutation on genomic DNA

Transformed cells from the ER-a–deficient patient and
MSFs from control human subjects were cultured in 100
mm culture dishes until confluency, and genomic DNA was
isolated by digesting the cultures overnight at 37°C with 4
ml Tris-EDTA (TE) containing 0.1 M NaCl, 1% sodium
dodecyl sulfate (SDS), and 0.5 mg/ml proteinase K. Digests
were extracted with buffered phenol and precipitated with 1
ml of ethanol:3 M NaOAc (25:1) for 1 h on dry ice. Pre-
cipitations were spun down, washed with 70% ethanol,
lyophylized, and dissolved in 30 ml of TE.

The coding region of exon 2 of the ER-a gene was
amplified by polymerase chain reaction (PCR) with an
expected product of 216 bp. Primer sequences for exon 2
were synthesized considering previously described informa-
tion on the exon–intron junction.(9) The PCR products were
directly sequenced by an automated sequencer (ABI 370 A)
using Taq DyeDeoxy Terminator Cycle Sequencing Kit
(Perkin Elmer, Branchburg, NJ, U.S.A.).

Growth curve analysis

Cells were seeded (40,000 cells/well) in triplicate for each
time point in 24-well tissue culture plates. Cell growth
curves were determined using a crystal violet staining tech-
nique.(21) The growth curves were modeled by fitting a
Zweitering modified logistic.(21) The logistic fit was calcu-

lated using nonlinear regression with a Marquardt algo-
rithm (DeltaGraph, DeltaPoint, Monterey, CA, U.S.A.).
Statistical differences between the different cell types were
determined by comparing distributions using the alternate
Welch’s t-test, which does not assume equal variances.

Isolation and analysis of expressed mRNAs

Total RNA was isolated using RNA STAT-60 (Tel-Test
“B”, Inc., Friendswood, TX, U.S.A.) according to manufac-
turer’s instructions. For Northern analysis, 5–10 mg of total
RNA was separated by electrophoresis in a 1.2% denatur-
ing agarose gel.(22) RNA was transferred to a Zeta-Probe
GT Blotting Membrane (BioRad, Hercules, CA, U.S.A.) by
a capillary method using 103 SSC.(22)

A 537 bp cDNA probe for the large tumor (T) antigen
was made by PCR using DNA from an adenovirus-origin-
minus SV40 mutant (tsA209) as a template, and primer
sequences located at nucleotide positions (gene accession
#J02400) 2869–2891 59-CCACCATCTTCATTTTTAT CA
GC-39 (sense) and 3383–3403 59-TTGAGGATGTA AAG
GGCACTG-39 (antisense). cDNA probes for human
COL1A1 (a1(I)-collagen), ALP, osteonectin, decorin, bi-
glycan, osteopontin, and bone sialoprotein were generated
as described previously.(23) RNA from cultured normal hu-
man trabecular bone was used as a positive control for bone
sialoprotein.(24) A 330 bp cDNA encoding bovine osteocal-
cin was amplified by PCR from clone P426, a kind gift from
Dr. L. Cooper (University of North Carolina). The osteo-
calcin cDNA was amplified by a PCR reaction using SP6
and T7 Promoter Primers (Invitrogen, San Diego, CA,
U.S.A.). A human fibronectin cDNA was a kind gift from
Dr. S. Aoto (National Institutes of Health, Bethesda, MD,
U.S.A.). A 1.35 kb fragment of fibronectin cDNA was
liberated from plasmid pRSETc by restriction digestion
using XbaI and HindIII.(25) A 1050 bp EcoRI insert for
TGF-b1 (26) was a gift from Dr. R. Derynck.

Approximately 100 ng of each cDNA probe was labeled
using [a-32P]dCTP (specific activity 3000 Ci/mmol) and
Prime-It II Labelling Kit (Stratagene, La Jolla, CA, U.S.A.)
following a protocol recommended by the manufacturer.
Unincorporated radioactive [a-32P]dCTP was removed with
a G50 spin column (5Prime-3Prime, Inc., Boulder, CO,
U.S.A.) or with a NucTrap purification column (Strat-
agene). Northern blots were prehybridized at 37°C in Hy-
brisol I (Oncor, Gaithersburg, MD, U.S.A.). Labeled
cDNA probe was added directly into the prehybridization
solution (107 cpm/membrane). The blot was washed in 23
SSC and 0.1% SDS at room temperature, subsequently
washed in 0.13 SSC and 0.1% SDS at 65°C, and exposed to
X-Omat film (Kodak, Rochester, NY, U.S.A.) for 2 h to 7
days at –70°C. To quantitate levels of mRNA, the bands in
membranes or autoradiograms were scanned by Phosphor-
Imager or Personal Densitometer (Molecular Dynamics,
Sunnyvale, CA, U.S.A.), respectively.

Reverse transcriptase (RT)-PCR for COL2A1 (collagen
type II) was performed on RNA using primer sequences lo-
cated at nucleotide positions (gene accession #X16468) 25–49
59-TCGCTGGTGCTGCTGACGCTGCTCG-39 (sense) and
206–228 59-GGCACCTTTTTCACCTTTGT CAC-39 (anti-
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sense). RNA from human fetal limb used as a positive control
was a kind gift from Dr. F. Luyten (National Institutes of
Health, Bethesda, MD, U.S.A.). The PCR products were
electrophoresed in 6% polyacrylamide TBE Gels (Novex,
San Diego, CA, U.S.A.).

ALP and mineralization assays

Cells were cultured in 3-well SuperCell Culture Slides
(VWR Scientific, Baltimore, MD, U.S.A.) and fixed and
stained with an Alkaline Phosphatase kit (Sigma, St. Louis,
MO, U.S.A.).

For mineralization, cells were cultured 16–25 days in
6-well plates in culture medium with or without 10 mM
b-glycerophosphate. Medium was changed every 3 days.
Postconfluent cultures were fixed with 4% paraformalde-
hyde and stained for calcium with alizarin red S and for
calcium phosphate with von Kossa stain.

In vivo bone formation assay

In vivo transplantation of the cells was done as described
previously.(20) Briefly, 1.8–3.0 3 106 cells (HERKOs, pas-
sage 4; HERKO2, 4; 7, 10–17) were loaded into a vehi-
cle––40 mg hydroxyapatite/tricalcium phosphate (HA/
TCP) ceramic powder (Zimmer, Warsaw, IN, U.S.A.). To
organize HA/TCP particles with cells attached to them, a
secondary vehicle embracing the particles and consisting of
fibrin clots was used in some experiments. Fibrin clots were
prepared from mouse fibrinogen (3.3 mg/ml in 13 phos-
phate-buffered saline [PBS]) and mouse thrombin (25 U/ml
in 2% CaCl2; Sigma) by mixing 15 ml of each solution per
transplant. Immunodeficient 8- to 15-week-old female
beige mice (NIH-bg-nu-xidBR, Harlan Sprague-Dawley,
Indianapolis, IN, U.S.A.) were used as subcutaneous trans-
plant recipients, and up to four transplants per animal were
placed on the dorsal surface. After 6 weeks, transplants
were recovered and fixed for 5 h in 4% paraformaldehyde
in PBS, subsequently decalcified for 9 days, in 10% EDTA
for 10 days, fixed for another 2 h, and embedded in paraffin.
After sectioning, sections were examined by hematoxylin-
eosin staining and by in situ hybridization for human alu
repetitive DNA sequences.

In situ hybridization for human alu

Digoxigenin-labeled probe specific for human alu se-
quences was prepared by PCR as described previously, and
in situ hybridization was done as described with some mod-
ifications.(27) Briefly, deparaffinized sections were im-
mersed in 0.2 N HCl at room temperature for 7 minutes,
incubated in 1 mg/ml pepsin in 0.01 N HCl at 37°C for 10
minutes, washed in PBS, and washed in PBS with 50 mM
MgCl2 followed by a postfixation in 1% formaldehyde in
PBS with 50 mM MgCl2. After washing in PBS, the sections
were treated with 0.25% acetic acid containing 0.1 M tri-
ethanolamine (pH 8.0) for 10 minutes, washed in PBS,
dehydrated in ethanol, and prehybridized with 70% deion-
ized formamide in 23 SSC at 80°C for 3 minutes The
sections were then quenched on ice cold 70% ethanol,

dehydrated in ethanol, and hybridized with 1 ng/ml probe in
hybridization buffer(27) at 42°C for 16 h. Digoxigenin-la-
beled DNA was detected by immunohistochemistry using
antidigoxigenin ALP-conjugated Fab fragments (Boehr-
inger Mannheim Corp., Indianapolis, IN, U.S.A.).

IGF-I and IL-6 immunoassays

IGF-I levels were determined in medium samples after
an acid-ethanol extraction followed by radioimmunoassay
using a kit purchased from Nichol Diagnostics Inc. (San
Juan Capistrano, CA, U.S.A.). The radioimmunoassay was
developed following the manufacturer’s protocol, except
that a 1:15 dilution on the medium was used. In our labo-
ratory, this assay has an interassay percentage coefficient of
variance (% CV) of 9.26. IL-6 levels were determined using
an enzyme-linked immunosorbent assay (ELISA) obtained
from Endogen Inc. (Cambridge, MA, U.S.A.) following
manufacturer’s protocol. This assay has an interassay per-
centage CV of 8.87. Samples were analyzed in duplicate for
both assays, and mean values were corrected for cell num-
ber at each time point (every other day). Values were
averaged across the entire growth curve and multiple
growth curves to yield a mean value of steady-state cytokine
production. Statistical differences were compared using an
alternate Welch’s t-test, which does not assume equal vari-
ances.

RESULTS

T antigen–expressing cell lines

Eight cell lines of HERKO MSFs were established and
three of them (HERKO2, HERKO4, and HERKO7) were
characterized and compared with the original, nonimmor-
talized HERKOs. To confirm that the immortalized cells
contained the ER-a mutation, the coding region of exon 2
of the ER-a gene was amplified by PCR and compared with
control subjects. Sequencing of the PCR product of the
immortalized HERKO cells showed a single base pair (bp)
substitution at codon 157, resulting in the replacement of an
arginine codon (CGA) with a theoretical premature stop
codon (TGA). Human MSFs from control subjects dis-
played a wild-type sequence. Furthermore, Western analy-
sis using antibody ER21 (a kind gift from Dr. G. Green,
University of Chicago) showed that ER-a was undetectable
in the HERKO cells while present in control MSFs (data
not shown).

To determine whether infection with adenovirus-origin-
minus SV40 was successful, we constructed a cDNA probe
by PCR for the large T antigen with a product of 537 bp
(see Materials and Methods). Sequencing of the PCR prod-
uct confirmed the expected T-antigen coding region. Hy-
bridization of mRNA from cultured cells showed that the
SV40-infected cell lines all expressed the large T antigen
with high abundancy but cultured human MSFs from con-
trol subjects did not (Fig. 1A).
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Morphology and growth

Plating of nonimmortalized HERKOs at very low cell
density formed discrete single-colony derived strains of cells
which showed a differential morphology varying in shape
from spindle-like through “intermediate” to flattened cells.
The majority, five out of eight strains, displayed a spindle
shape. Multicolony-derived HERKOs appeared spindle-
shaped upon reaching confluency. Subconfluent and con-
fluent cultures of the SV40-infected HERKO cell lines
appeared less spindle-shaped, with HERKO2 having a
strikingly ellipsoid appearance compared with the others
(Fig. 1B). Both HERKO4 and HERKO7 cells (Fig. 1C)
showed an “intermediate” shape and produced a substan-
tial amount of cell particulate matter. HERKO2 showed the
highest maximal growth rate (Fig. 1D) and reached the
highest passage number (passage 22) upon continuous pas-
sage, at which time the cells stopped growing well.
Trypsinization of the different cell lines also showed major
differences. HERKO2 could be easily removed from the
culture plate as one sheet of cells, while HERKO4 was
difficult to detach from the culture dish; HERKO7 was
released as clumps of cells.

mRNA expression

The expression of several collagen and noncollagenous
genes was studied to determine whether the cells retained
their MSF phenotypic character after infection with adeno-
virus-origin-minus wt SV40. Total RNA was recovered
from 5–20 day cell cultures in passage 4 and 8 for nonim-
mortalized cells and passage 8–12 for immortalized cells.
Figure 2 and Table 1 are summarized data from two re-

peated experiments. The immortalized and nonimmortal-
ized cell cultures showed similar expression patterns. All
cell types were negative for bone sialoprotein, osteocalcin,
and COL2A1. The proteoglycans, biglycan and decorin,
were highly abundant, as were the noncollagenous proteins
osteopontin, osteonectin, and fibronectin. In addition,
TGF-b1 was present in high amounts. Some of the genes
were expressed at relatively different levels in the immor-
talized cell lines in comparison with the nonimmortalized
cells (Table 1). Specifically, biglycan and decorin showed a
lower abundancy in all HERKO cells, COL1A1 a lower abun-
dancy for HERKO2 and HERKO7, and osteopontin was
expressed at higher levels in HERKO4 and HERKO7 cells.

Expression of ALP and mineralization

The nonimmortalized HERKOs expressed large amounts
of ALP message (Fig. 3A). The HERKO cell lines also had
high ALP message expression, but the levels were relatively
lower in comparison with the nonimmortalized cells. Be-
cause cultures stained positive for ALP, this indicated that
the mRNA was translated into protein in all cell types
(Fig. 3B and data not shown).

Long-term cultures with b-glycerophosphate showed that
the nonimmortalized cells formed nodules followed by their
mineralization. Staining with von Kossa and alizarine red S
showed the presence, respectively, of calcium and calcium
phosphate in the nodules (Figs. 4A and 4B). In the immor-
talized cell lines, no nodules became apparent and only
HERKO4 was positive for calcium and calcium phosphate,
albeit precipitated throughout the culture dish (Fig. 4C).
Without b-glycerophosphate, none of the cell types (non-
immortalized or immortalized) mineralized.

FIG. 1. (A) mRNA expression of large T antigen in different cell types. Lanes a and b represent nonimmortalized MSFs
from two normal patients. Established cell lines HERKO2, HERKO4, and HERKO7 are positive for T antigen. Ethidium
bromide staining of ribosomal RNA 28S and 18S in the same gel is shown in the bottom panel. Oligo, oligonucleotide
primer; M, markers; bp, basepairs; kb, kilo basepairs. (B,C) Photographs of cultures of (B) HERKO2 and (C) HERKO7.
Original magnification 3100. (D) Representative growth curves of HERKO (O), HERKO2 (2), HERKO4 (4), and
HERKO7 (7). Cells were plated at 40,000 cells/well and fixed in 1% glutaraldehyde at days indicated. Cultures were stained
for crystal violet and processed to profile growth curves. The maximal growth rate of HERKO2 was significantly different
from others (p , 0.05). N, absorbance at day indicated; N0, initial absorbance value.
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In vivo bone formation

Nonimmortalized HERKOs were cultured at passage 4,
loaded into an HA vehicle, and transplanted subcutane-
ously into immunodeficient mice. After 6 weeks, new bone
was deposited against the vehicle surface with high effi-
ciency (Fig. 5A). Areas of active hematopoesis surrounded
the bone particles, attributing to a new bone marrow organ.
The bone exhibited lacunae-containing osteocytes as well as
osteoblastic layers on both the inner and outer surfaces. In
situ hybridization was performed with a probe for human
alu, a human-specific repetitive sequence which comprises
about 5% of the total human genome. This was used to
show that these cells were of human origin (Fig. 5B). In

some areas fibroblastic human alu-positive cells were found
in the marrow (data not shown). In implants of the cell
lines, some bone was visible, but for the most part a bone-
like high-density matrix was induced by all cell types
(Fig. 5C). Only a few human alu-positive cells were present
(data not shown).

IGF-I and IL-6 production

Steady-state levels of IGF-I and IL-6 were determined by
analyzing culture medium derived from the growth curve
studies by immunoassays specific for each factor. Normal
human MSFs produced 43 6 6 ng of IGF-I/105 cells and

FIG. 2. (A) Upper panels, Northern analysis on COLI A1, osteopontin, osteonectin, bone sialoprotein, decorin, and
biglycan of HERKO (O), HERKO2 (2), HERKO4 (4), and HERKO7 (7) on days indicated. Sizes of mRNA are denoted
by kb (kilo basepairs). Lower panels, ethidiumbromide staining of ribosomal RNA 28S in the same gel. Co (control), RNA
from cultured normal human trabecular bone (b). (B) RT-PCR for COL2A1 of mRNA from HERKO7 (7) and human
MSFs. M, markers; Co (control), RNA from human fetal limb.
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331 6 46 pg of IL-6/105 cells on day 2 of culture. For
comparison, the levels of these cytokines produced by hu-
man osteoblast-like cells derived from a normal 27-year-old
male were determined on day 2 of culture and found to be
38 6 6 ng of IGF-I/105 cells and 66 6 10 pg of IL-6/105
cells. In contrast, HERKO MSFs produced 90 6 18 ng of
IGF-I/105 cells and 851 6 160 pg of IL-6/105 cells on the
second day of culture. The steady-state levels produced by
the three immortalized HERKO cell lines were also ap-
proximately 2-fold higher than normal human MSFs, rang-
ing from 99 6 9 to 131 6 5 ng of IGF-I/105 cells and from
598 6 90 to 896 6 116 pg of IL-6/105 cells on day 2.

The values for steady-state levels of IGF-I and IL-6 on
days 2, 4, 6, 8, and 10 were averaged between replicate
growth curves for each cell type, and the net steady-state
levels were calculated by combining and averaging all time
points. When the net steady-state levels of IGF-I and IL-6
were compared, the following differences were observed
(Fig. 6). In comparison to IGF-I values from normal human
MSFs, the average net production of IGF-I was significantly
elevated in the HERKOs and immortalized HERKO2,
HERKO4, and HERKO7 cells (p , 0.001, p , 0.01, p ,
0.005, and p , 0.05, respectively). Between the nonimmor-
talized and immortalized HERKO cells there was no sig-
nificant difference in IGF-I production. Similarly to IGF-I,
net steady-state levels of IL-6 were significantly different
between normal human MSFs and HERKO cells (p ,
0.005), while there was no significant difference between
the nonimmortalized HERKO cells or any of the immor-
talized cell lines (HERKO2, HERKO4, and HERKO7).

DISCUSSION

In this study, we present the characterization of three cell
lines established from a heterogeneous population of hu-
man MSFs derived from an ER-a–deficient patient. DNA
analysis confirmed that the cells contain the ER-a mutation
and further have undetectable protein, suggesting that the
ER-a is not functional. When the cells were treated with
estrogen, no difference in mRNA expression patterns were
observed using numerous sets of oligoprimers in extensive

differential display analysis (L. Fisher, personal communi-
cation). Taken together, we speculate that the cells have
little or no response to estrogen presumably due to the lack
of ER-a protein expression.

Multicolony-derived strains of human MSFs can differ-
entiate into various mesenchymal lineages depending on
culture conditions. We attempted to drive the nonimmor-
talized HERKOs and the HERKO cell lines into the osteo-
blastic lineage by treating them continuously with the glu-
cocorticoid dexamethasone. Therefore, we focused
primarily on biochemical markers such as expression of
matrix proteins, believed to represent early and late phases
of osteoblast differentiation. During the various stages of
the osteoblastic lineage, these matrix proteins are present

TABLE 1. SUMMARY OF RELATIVE MRNA EXPRESSION

Gene HERKO HERKO2 HERKO4 HERKO7

COL1A1 111 1 111 11
COL2A1 2 2 2 2
Osteopontin 1 1 11 111
Osteonectin 111 111 111 111
Osteocalcin 2 2 2 2
Bone sialoprotein 2 2 2 2
Fibronectin 1 1 1 1
Decorin 111 11 1 1
Biglycan 111 1 11 11
TGF-b1 11 11 11 11
Alkaline

phosphatase
111 11 11 11

FIG. 3. (a) Upper panel, mRNA expression of alkaline
phosphatase by nonimmortalized HERKOs (O), HERKO2
(2), HERKO4 (4), and HERKO7 (7) on days 5 and 10 as
indicated. Lower panel, ethidium bromide staining of ribo-
somal RNA 28S in the same gel. (b,c) ALP staining on
HERKO (b) and HERKO4 (c).
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as particular subsets, depending on cell type, cell age, and
cell culture system. In MSF cultures of the original source
material (HERKOs), we found high expression levels of the
broadly expressed genes COL1A1, decorin, osteonectin,
biglycan, and ALP (both RNA and protein), low levels of
osteopontin and fibronectin, and no detectable levels of the
late phase markers bone sialoprotein and osteocalcin. The
established immortalized cell lines showed similar expres-
sion patterns for these genes, suggesting that they retain
several of their phenotypic traits after immortalization.

The three cell lines clearly have different phenotypes as
seen by their growth and morphology and surface attach-
ment characteristics. In addition, they show subtle differ-
ences in the levels of expression in several genes (COL1A1,
osteopontin, decorin, and biglycan), which might be related
to their different phenotype. Several of the matrix genes
studied here are thought to play a role in mineralization of
bone matrix, the final stage of bone development. Os-
teonectin (SPARC, BM-40) is a glycoprotein widely ex-
pressed by osteoblasts and periosteal cells, and to a lesser
extent osteocytes and hypertrophic chondrocytes.(28,29) In
the HERKO cells and HERKO cell lines, osteonectin ex-
pression was high, thereby potentially establishing a suitable
environment for mineralization. However, mineralization
did not occur in all cell types. The nonimmortalized
HERKO cells exhibited formation of nodules followed by
their mineralization, as has been described in cultures of
normal MSFs,(30) but the HERKO cell lines did not. The
inability of cell lines to establish prototypical mineralization
might be related to the lower expression levels of ALP, an
enzyme thought to play a crucial role in mineralization.
Interestingly, among the different cell lines, HERKO4, the
only one that displayed some degree of mineralization, also
exhibited the highest expression levels of COL1A1. This
predominant collagen in bone is thought to provide a scaf-
fold to organize the proteins that mediate mineral deposi-
tion in the form of hydroxyapatite.(31,32) Osteopontin and
several other matrix proteins have been shown to contain
Arg-Gly-Asp (RGD) sites, which are thought to bind cell
surface receptors, thereby mediating cell attachment (re-
viewed by Robey and Boskey 1996).(31) The differences in

matrix gene expression in these cell lines may ensue differ-
ences in cell–matrix adhesion and in turn cell surface
attachment. Since the cell lines were established from a
heterogeneous cell population, they may represent sub-
populations of the original nonimmortalized cells, thereby
expressing different phenotypes. However, we cannot rule
out the possibility that the SV40 gene may be incorporated
in a differential fashion in the genome among the different
cell lines or that the SV40 incorporation causes the cell to
revert into a fetal phenotype, as suggested in studies using
keratinocytes.(33)

Consistent with the capacity to form mineralized nodules,
the nonimmortalized HERKOs were able to form bone in
vivo. The immortalized cell lines did not form substantial
amounts of bone, but induced a high-density bone-like
matrix. Recently, Kuznetsov et al.(27) showed that when
MSFs are fractionated into single colony–derived strains,
59% of the strains form bone. It is possible, therefore, that
the cell lines we selected from the heterogeneous source
material may represent a cell type not able to form bone in
this assay. It is also possible that the heterogeneous popu-
lation of nonimmortalized HERKOs might have the advan-
tage of different cell types cooperating together to form
bone. Thus, the cell lines represent a single cell and subse-
quently might lack the supporting environment from other
cell types which may be required for osteogenesis. Since
human alu-positive cells were virtually absent in the im-
plants of the cell lines, we assume the cells did not survive
or alternatively migrated out of the implant.

Several factors implicated in playing an intermediary role
for estrogen regulation of bone metabolism were also ex-
amined. Such factors are thought to control the subtle
balance between osteoclast-mediated bone resorption and
osteoblast-mediated bone formation via paracrine or auto-
crine pathways, and various factors have been nominated as
local mediators. In cultures of human osteoblast-like cells,
estrogen increases the synthesis and secretion of TGF-a,(34)

and in avian osteoclasts a direct action of estrogen to lower
resorption activity may be mediated by autocrine/paracrine
production and activation of TGF-a.(35) IL-6 has been re-
ported to be involved in the process of the stimulated

FIG. 4. Nonimmortalized HERKOs stained with (A) von Kossa or (B) alizarine red S and (C) HERKO4 stained with
both von Kossa (black areas) and alizarine red (gray areas) after long-term culture with b–glycerophosphate. (A,B)
Nonimmortalized HERKOs formed mineralized nodules. (C) HERKO4 displayed a precipitation of mineral throughout
the culture dish.
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osteoclastic bone resorption induced by estrogen deficien-
cy.(36) Strikingly, ovariectomy of IL-6-deficient mice does
not induce any change in either bone mass or bone remod-
eling.(37) In ovariectomized rats, the increase in serum lev-
els of IGF-I could be inhibited by estrogen supplementa-
tion.(38,39) All cell types studied here expressed TGF-b1
mRNA and produced high levels of IL-6 and IGF-I. Inter-
estingly, production of IGF-I in the medium was high com-
pared with normal human MSFs and osteoblastic cells. This
corresponds well with the elevated serum levels of IGF-I in
the ER-a–deficient male and it may imply that osteoblastic
cells originating from human MSFs are a major source of
circulating IGF-I in the ER-a–deficient male. However, the
IGF-I concentrations in the patient were normal for a
midpubertal boy, likely reflecting the ongoing active linear
growth in this individual. Suppression of IGF-I and IL-6
production, by introducing functional ER-a in the HERKO
cells in the presence of estrogen, might give clues to its
interaction with these factors, and preliminary data from
our lab indicate that estrogen may inhibit IL-6 secretion in
ER-a–transfected HERKO cells in the presence of
TGFb-1.

It has been shown that ER-a is able to work in the
absence of ligand, via the Ras-MAPK cascade of the growth

FIG. 5. (A,B) Bone formation by nonimmortalized HER-
KOs in vivo. Six-week transplants were analyzed by (A) HE
staining and (B) in situ hybridization for human alu on the
same implant. Note human alu-positive cells (arrow) present
within the bone particles (arrowheads). HA, remnant of
HA/TCP powder. (C) Formation of a small bone particle
(arrow) and a bone-like high density matrix (arrowheads)
induced by HERKO4 cells. Original magnification 3100.

FIG. 6. Average production of (A) IGF-1 and (B) IL-6
into the culture medium by MSFs from a normal patient
(NL), and HERKO, HERKO2, HERKO4, and HERKO7.
The production by NL was significantly different from oth-
ers (p , 0.01).
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factor signaling pathways using the AF-1 position of the
ER-a.(40) The AF-1 covers the N terminus of the gene in a
region upstream from the mutation. The cells from the
ER-a–deficient male described in this study have a disrup-
tion of the gene in exon 2, where, theoretically, the AF-1
domain would be unaffected. Since the ER-a–deficient
male had apparently normal development until puberty, it is
tempting to suggest that ER-a in males might function via
the Ras-MAPK cascade until puberty, but need the estro-
gen ER-a–mediated signaling pathway for epiphyseal clo-
sure and maintenance of bone metabolism. Alternatively,
estrogen might work via other pathways such as the protein
kinase C signal transduction pathway.(41) This pathway or
alternate regulatory pathways may be abundant and subse-
quently dominate or superride the classical estrogen–ER
interaction. In this context, it is important to note that
recently a novel receptor for estrogen (ER-b) was discov-
ered in humans,(42) and it has been suggested that ER-a
and ER-b play different roles in gene regulation.(43) Using
RT-PCR, we found that the HERKO cells express ER-b
(data not shown), and since the HERKO cells are ER-a–
deficient, they provide a potential model to study ER-b’s
functions.

In summary, we established several lines of human ER-
a–deficient cells that, judged by their cell morphology,
growth, and matrix production, retain several of their phe-
notypic traits after immortalization. These cell lines will
provide a valuable source of a unique human material for
future studies involving estrogen action in bone metabolism
by clarifying the relative roles of androgens and estrogens
and the contribution of ER-a and ER-b.
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